1" e "2VF RT . Table 1 : The IPR parameters were modified from the original values used in (5) . We scaled all the IPR parameters five times to produce the correct qualitative behaviour. The Ca 2+ channel parameters were taken from (6) except ce which was taken from (2) .
The role of extracellular Ca

2+
Short-period [Ca 2+ ]i oscillations can be induced by agonist, but not maintained in the absence of the extracellular Ca 2+ ( Fig. 1A) (8) . In order to simulate such an experiment, we set p = 0.35 µM, at the same time setting J in = 0. Fig. 1B shows the initial increase in [Ca 2+ ]i and stimulation of [Ca 2+ ]I oscillations. However, the frequency of the [Ca 2+ ]i oscillations declined after about 1 minute as can be observed in Fig. 1B flux, J in , is set to be 0 at t = 50s. To simulate the experimental addition of agonist, the increase in p required 50 seconds to reach its maximum level.
Closed-cell Model
It has previously been shown that a useful way of understanding the behaviour of models such as these is to introduce a new variable related to the total amount of Ca 2+ in the cell (1) . Hence, we introduced the variable ct, the total number of moles of Ca 2+ in the cell divided by the cytoplasmic volume, and defined as ct = c+(1/γ) cs. Since ct is a slow variable compared to c (i.e., it changes on a time scale much slower than changes in the concentration of cytoplasmic Ca 2+ ), we can understand the behaviour of the full model by studying the dynamic behaviour of the slow sub-system, and how it depends on the fast variable (2) . Therefore, we used time-scale separation to study the mechanisms underlying Ca 2+ oscillations.
We thus treat ct as a bifurcation parameter and investigate the behaviour of the model for fixed values of ct (Fig. 2) . After rewriting our model in terms of ct and c, the model is in a form that readily allows the separation of membrane Ca 2+ fluxes from SR fluxes. When ct is kept constant (i.e. δ=0), the model becomes the closed-cell model and when ct is allowed to vary, we obtain the open-cell model. If δ is small enough, the behavior of the open-cell model is similar to that of the closed-cell model. Changes in c and ct occur on two different time scales; slow changes in ct modulate fast changes in c and ct (1, 2) . This fast-slow separation forms the basis of our analysis. (Fig. 2B) , and is thus a classical relaxation oscillation. Agonist-induced oscillations, on the other hand, occur at a lower value of ct (as the cell has lost Ca 2+ due to increased release from the SR), and are limit cycle oscillations that occur for values of ct between the upper and lower Hopf bifurcations.
These different bifurcation structures explain the different qualitative natures of the two different types of oscillation.
Increased Ca 2+ model
We first explored the behaviour of the oscillation model with the parameter values shown in Table 1 . ]i oscillation regions (0.045 < p < 0.1) the receptors showed strong interaction, and period-doubling bifurcations occur leading to more complicated oscillatory behavior. The type of oscillations showed in this region (mixed-mode oscillations) is beyond our scope of study, and thus most of the details are omitted; Rubin and Wechselberger (3) discuss the theory and applications of mixed-mode oscillations. To the best of our knowledge these complex oscillations have not been experimental observed. Following the first period-doubling bifurcation point (labelled PD1 in Fig. 3C ), there is another period-doubling bifurcation PD2. In addition, numerical continuation was not possible beyond the point of MX indicated in the Fig. 3D . We do not show further period-doubling bifurcation points as a more detailed analysis of such is beyond the scope of the work presented. The parameter values used to obtain the numerical solution are shown in Table 1 . E and F show twoparameter bifurcation diagrams for α0 = 0.05 and α0 = 0.19, respectively. The shaded areas are oscillatory regions. The blue shaded areas show the short-period oscillation regions and the long-period oscillations occur in the red shaded areas. Between these two regions is the mixed-mode oscillation area indicated as a grey shaded region.
Oscillatory Ca 2+ waves
We extended our model by including the Ca 2+ diffusion to simulate oscillatory intracellular waves. Hence the differential equation of c becomes:
where Dc is the diffusion coefficient of Ca 2+ which is chosen to be 22 (µm) 2 s −1 . The rest of the model equations remained the same.
The system of partial differential equations was solved using a partially implicit backward Euler scheme in one spatial dimension, with no-flux boundary conditions. The cell is assumed to be 40 µm in length, discretised by 400 grid points. All variables are initialised across the entire cell to their steady state values for the particular p used. In contrast KCl-induced waves are initiated by Ca 2+ influx, hence we initialise c at 0.5 µM for t = 0 as a stimulus for the first 10 grid points.
We also investigated the following hypotheses of distributions of the IPR and the RyR densities (results not shown):
• distributions of IPR and RyR densities continuously sloping across the entire cell length u.
• distributions of IPR and RyR densities are higher at both ends of the cell and lower in the center of the cell.
• distributions of IPR and RyR densities are randomly distributed across the entire cell length u (4).
where ρ is uniform distribution from -1 to 1, and W is the maximum percentage by which we will allow the receptor densities to vary.
• [IP3] is higher at one end of the cell and sloping between two levels.
• [IP3] sloping continuously across the entire cell.
However, the results obtained from these hypotheses did not provide satisfactory results, in the sense that we were unable to reproduce, even qualitatively, the observed experimental results. Although this conclusion is not based on a rigorous model comparison using proper statistical comparisons, and so should be used with caution, it does provide a testable prediction of the IPR and the RyR density distributions in ASMCs.
Summary of the cross-bridge model equations and parameter values
The attachment of myosin to actin depends on its phosphorylated state and its position with respect to the binding site on the actin filament. We denote by the local coordinate x the distance between the binding site on the actin filament and the equilibrium position of the cross-bridge. The distribution of cross-bridges at x is determined by where h, the largest displacement at which a cross-bridge can become attached to the thin filament. For simplicity we define h = 1 unit length = 15.6 nm. The total force generated by a SMC is proportional to the first moment of the AM and AMp distribution. For a particular point on a SMC, the force generated by the Ca 2+ oscillation is calculated as following:
However, the total force generated by a Ca Table 2 : Parameter values used in the modified cross-bridge model (7).
